An autonomous ocean glider is used to make the first direct measurements of internal tides within Whittard Canyon, a large, dendritic submarine canyon system that incises the Celtic Sea continental slope and a site of high benthic biodiversity. This is the first time a glider has been used for targeted observations of internal tides in a submarine canyon. Vertical isopycnal displacement observations at different stations fit a one-dimensional model of partly standing semidiurnal internal tides -comprised of a major, incident wave propagating up the canyon limbs and a minor wave reflected back down-canyon by steep, supercritical bathymetry near the canyon heads. The up-canyon internal tide energy flux in the primary study limb decreases from 9.2 to 2.0 kW m −1 over 28 km (a dissipation rate of 1-2.5 × 10 −7 W kg −1 ), comparable to elevated energy fluxes and internal tide driven mixing measured in other canyon systems. Within Whittard Canyon, enhanced mixing is inferred from collapsed temperature-salinity curves and weakened dissolved oxygen concentration gradients near the canyon heads. It has previously been hypothesised that internal tides impact benthic fauna through elevated near-bottom current velocities and particle resuspension. In support of this, we infer order 20 cm s −1 near-bottom current velocities in the canyon and observe high concentrations of suspended particulate matter. The glider observations are also used to estimate a 1
Introduction
Submarine canyons are a common geomorphological feature along continental slopes worldwide (Harris and Whiteway, 2011) . These dramatic incisions into the continental shelf control exchange of watermasses across the shelf break (Allen and de Madron, 2009 ), act as conduits for off-shelf transport of organic material and sediment (Kiriakoulakis et al., 2011; Puig et al., 2014) , and facilitate burial of organic carbon (Masson et al., 2010) making them an important feature of the global carbon cycle. Their unique ecological characteristics, including steep walls that provide a solid substrate for the development of cold-water coral communities (Huvenne et al., 2011) , mean that canyons are often found to be sites of high benthic biodiversity, productivity and biomass (De Leo et al., 2010) . As a result, canyons are important commercial fishery sites (Sanchez et al., 2013) and the focus of several marine protected areas (Howell et al., 2010) . Observational campaigns in multiple submarine canyons, primary along the North American continental slope, suggest that large-amplitude internal tides are a typical hydrodynamic feature (e.g., Shepard et al., 1974; García Lafuente et al., 1999; Kunze et al., 2002; Waterhouse et al., 2017) , with their energy focused towards the canyon floor (Gordon and Marshall, 1976) and head (Hotchkiss and Wunsch, 1982) . This topographic focusing of internal tide energy is expected to drive elevated levels of turbulent mixing near canyon heads, a signal observed by Lueck and Osborn (1985) , Carter and Gregg (2002) and Kunze et al. (2012) in Monterey Canyon and by Lee et al. (2009) in Gaoping Canyon. Typically, internal tides are observed to propagate up-canyon, from deep water onto the shelf, but observational and modelling studies (Petruncio et al., 1998; Zhao et al., 2012; Hall et al., 2014) have shown that the internal tide in Monterey Canyon is sometimes a partly standing wave -comprised of a major wave propagating up-canyon and a minor wave reflected back down-canyon by steep bathymetry near the canyon head. Recent observations have shown that the semidiurnal internal tide in Eel Canyon is also a partly standing wave (Waterhouse et al., 2017) . The distinction between fully propagating (progressive) waves and partly standing waves is important because the up-canyon energy flux of a partly standing wave is less than that of a progressive wave with the same forcing amplitude (Martini et al., 2007) . This implies less energy dissipation in the canyon and so an overestimation of internal tide driven mixing.
The majority of well-studied submarine canyons are simple linear incisions (e.g., Hydrographers, Ascension and Congo Canyons) or have meandering morphology (e.g., Monterey, Gaoping and Nazaré Canyons). Branching (dendritic) canyons have received far less attention despite the fact that this morphological type is common worldwide and specifically around the Mediterranean (Harris and Whiteway, 2011) . Here, we use an autonomous ocean glider to make the first direct measurements of internal tides within Whittard Canyon, a large, dendritic submarine canyon system that incises the Celtic Sea continental slope (Fig. 1) . Despite being been widely studied for sedimentological and biological processes (see Amaro et al., 2016 , for a review) the physical oceanography of the canyon has received only limited attention (Johnson et al., 2013; Wilson et al., 2015; Porter et al., 2016) . Internal tides and turbulent mixing processes in the wider Celtic Sea and Bay of Biscay region have been previously investigated (e.g., New, 1988; Green et al., 2008; Sharples et al., 2009; Hopkins et al., 2014) , but it is clear from high-resolution numerical modelling studies (Vlasenko et al., 2014; Vlasenko and Stashchuk, 2015) that the internal tide field is highly heterogeneous, three-dimensional, and shaped by local bathymetry. Specifically, three-dimensional focusing of internal tide energy within Petite Sole Canyon (part of the wider Whittard Canyon system) has been observed and modelled by Vlasenko et al. (2016) . A broad understanding of internal tide dynamics within Whittard Canyon will help the extrapolation of results along the highly corrugated Celtic Sea continental slope and to dendritic canyons worldwide.
Ocean gliders have previously been used to make observations of internal tides in the Luzon Strait (see Rudnick, 2016 , for a review), Californian continental slope and Tasman Sea , but this is the first time a glider has been used for targeted observations of internal tides in a submarine canyon. Gliders provide an alternative view of the internal tide field to ship CTD surveys or fixed mooring timeseries. Large gradients in internal tide energy, typical of submarine canyons, can be mapped at higher spatial resolution than possible with a limited number of moorings, while their autonomous nature and long endurance allow a larger number of tide-resolving stations to be occupied than during a typical CTD survey. In Section 2, the glider observations and internal tide analysis methods are described. In Section 3, partly standing internal tides are diagnosed and a canyon energy budget constructed. Enhanced mixing within the canyon is inferred in Section 4. The results are discussed in Section 5 and potential impact of the observed internal tides on benthic fauna assessed. Key results of the study are summarised in Section 6.
Glider observations
An iRobot 1KA Seaglider (SG537; Eriksen et al., 2001 ) was deployed over the eastern limb of Whittard Canyon for 22 days between 15th August and 6th September 2015. During this time it occupied 8 virtual mooring (VM) stations with two stations occupied twice, approximately at spring and neap tide (Fig. 2a,b) . A in order to remove the influence of the S 2 internal tide, along with maximum displacement amplitude and APE, both with and without modulation (ξ M 2 A and ξ A are in metres, APE is in kJ m −2 ). The two occupations of VM3 are in bold. The results for VM6b are omitted because the internal tide was inadequately resolved. Each station occupation was at least 35 hours with the glider completing 13-22 dives 1 to 1000 m or the seabed (whichever was shallower). The average time to complete a full 1000-m dive cycle was 2 hours 50 minutes. Data were collected during both the descending and ascending sections of each dive, yielding 26-44 profiles over 35-48 hours for each station occupation. This is adequate to resolve the M 2 internal tide (Nash et al., 2005) . Glider location at the surface, before and after each dive, was given by GPS position. Subsurface sample locations were approximated by linearly interpolating surface latitude and longitude onto sample time. When occupying a station, 95% of glider samples were within 2.5 km of the target location ( Fig. 2b ; Table 1 ) and so data scatter was small compared to theoretical M 2 mode-1 horizontal wavelength for the study region (60-120 km). Glider data were therefore considered fixed-point timeseries when occupying stations.
VM
The glider was equipped with a standard Sea-Bird Electronics conductivity-temperature (CT) sail sampling at 0.2 Hz and the data processed using the UEA Seaglider Toolbox (https://bitbucket.org/bastienqueste/ueaseaglider-toobox) following Queste (2014) . Conductivity data were corrected for thermal hysteresis following Garau et al. (2011) and the Seaglider flight model regressed using a method adapted from Frajka-Williams et al. (2011) . As the CT sail was unpumped, samples were flagged when glider's vertical velocity was less than 5 cm s −1 . Temperature-salinity profiles from descents and ascents were independently averaged (median value) in 5-m depth bins, typically with 3-5 samples per bin. Sample time was averaged into the same bins to allow accurate temporal analysis at all depths. Absolute salinity (S A ), conservative temperature (Θ) and potential density (ρ) in each bin were calculated using the TEOS-10 equation of state (IOC et al., 2010) . In addition to the CT sail, the glider was equipped with an Aanderaa 4330F dissolved oxygen optode and a WETLabs Eco Puck optical sensor measuring chlorophyll a fluorescence at 470/695 nm and scattering at 470 nm (blue) and 700 nm (red) wavelengths. Both additional sensors sampled every 30 seconds.
Internal tide analysis
For each station occupation, the time-average potential density profile, ρ(z), was calculated then vertical isopycnal displacement, ξ(z, t) = −ρ (∂ρ/∂z) −1 , calculated from density anomaly, ρ (z, t) = ρ(z, t) − ρ(z).
Yearday ( An M 2 harmonic analysis was applied to isopycnal displacement on each depth level, yielding profiles of
) and phases (ξ M2 φ ). As an example, harmonically filtered isopycnal displacement at VM2 is shown in Figure 3a Figure 3b . This example was chosen because it features both large displacement amplitudes and particularly uniform displacement phase.
The station timeseries were too short to separately resolve the S 2 internal tide, so the spring-neap cycle was removed by assuming a local generation site and therefore that the internal spring-neap cycle was phase-locked and proportional to the surface spring-neap cycle. Using the TPXO inverse model European Shelf solution (Egbert and Erofeeva, 2002; Egbert et al., 2010 , http://volkov.oce.orst.edu/tides/) to define study region-average surface elevation amplitudes for the M 2 and S 2 tides (η
M2
A and η S2 A ), the spring-neap modulation of surface elevation was modelled
and defined for the mid-point time of each station occupation. ω sn = 4.93 × 10 −6 s −1 is the spring-neap frequency and φ sn is the spring-neap phase determined from TPXO. This modulation (Table 1 ) was applied to the observed profiles of M 2 displacement amplitude in order to remove the influence of the S 2 internal tide (ξ A = ξ M2 A /m sn ). M 2 displacement phase was not affected by the modulation so ξ φ = ξ M2 φ . Isopycnal displacement amplitudes up to 80 m were directly observed (VM7; Table 1 ); increased to 87 m by the modulation. However, the largest modulated displacement amplitude was at VM6a (111 m), due to it being occupied close to neap tide. At each station ξ A and ξ φ display variability with depth (e.g., Fig. 4b ), but there is coherence between each analysed depth level. A notable exception is VM3, located at a canyon branch, where for both occupations there is a phase discontinuity at 700 m associated with a decrease in amplitude to near-zero. As this coincides with the depth of the western canyon rim, the discontinuity is possibly due to a change in internal tide generation site. Below 700 m the internal tide can only be influenced by generation sites to the south, whereas above 700 m sites to the west can also be an influence.
To characterise ξ φ as a depth-invariant metric for later comparison with a one-dimensional model, we calculate the mean value of ξ φ (z), linearly weighted by ξ A (z), for each station occupation ( ξ φ ).
Available potential energy
For each station occupation, profiles of M 2 available potential energy were calculated and vertically integrated from the surface to 1000 m,
where ρ 0 = 1028 kg m −3 is a reference density, N = −g/ρ 0 (∂ρ/∂z) is the buoyancy frequency, and g is the acceleration due to gravity.
The spatial distribution of APE is shown in Figure 2c . Similar values for the two occupations of VM3 (2.24 and 2.37 kJ m −2 ; Table 1 ) are evidence that the spring-neap correction was successful and that the underlying assumptions are reasonable. The two occupations of VM6 cannot be compared because the second occupation failed to adequately resolve the internal tide. The potential density timeseries from VM6b (not shown) suggests the internal tide had a bore-like structure that was inadequately resolved by the order 3-hour glider sampling at the seabed. This type of nonlinear waveform has been observed in other submarine canyons (e.g., Monterey Canyon; Key, 1999) and is a plausible explanation given the timing of the occupation, just after spring tide.
Partly standing internal tides
To determine the type of internal tide present in the canyon, partly standing internal wave theory developed by Petruncio et al. (1998) , Nash et al. (2004 Nash et al. ( , 2006 and Martini et al. (2007) is used to generate a one-dimensional zonal partly standing internal tide model with realistic canyon stratification and bathymetry. The distributions of ξ φ and APE along the main eastern limb (VMs 2, 3a, 4, and 5) are then used to constrain the amplitudes and phases of the major and minor component waves.
Following Martini et al. (2007) , two converging mode-1 internal waves of unequal amplitude and phase in depth-varying but horizontally uniform stratification can be described by
where u 0 and u 1 are the velocity amplitudes of the eastward and westward propagating waves, respectively, φ 0 and φ 1 are the eastward and westward wave phases, ω is the wave frequency, and f is the inertial frequency. A(z) and B(z) are the mode-1 profiles of horizontal velocity and vertical displacement, respectively, calculated by solving the boundary value problem for a given N (z) (Gill, 1982) . Mode-1 eigenspeed (c n ) is used to determine mode-1 horizontal wavenumber, k x = ω 2 − f 2 /c n (Gill, 1982) . Unlike the flat bottom case modelled by Martini et al. (2007) , the depth of a typical submarine canyon decreases towards its head. In this sloping bottom case, A and B become functions of both x and z, and c n decreases in the up-slope direction. To account for the resulting up-slope increase in k x , the spatial component of wave phase is defined k x x = x 0 k x dx. We model four possible M 2 mode-1 internal tide fields for the main eastern limb of Whittard Canyon. Each has identical eastward (up-canyon) wave velocity amplitudes (u 0 = 0.16 m s −1 ), but westward (downcanyon) wave velocity amplitude is defined as a percentage of u 0 : 0% is a fully progressive wave; 100% is a fully standing wave; 25% and 50% are partly standing waves. For all models φ 0 = 75
• and φ 1 = 190
• . The domain is 40 km long with realistic along-canyon depth (H) derived from 250-m resolution bathymetry provided by the Geological Survey of Ireland INFOMAR programme (http://www.infomar.ie). H decreases from 2578 m to 678 m in the x-direction, an overall slope gradient of 0.0475. A(x, z), B(x, z) and c n (x) are calculated every 250 m in the horizontal using N (z) from a 2900 m deep ship CTD cast near VM1, completed just after the glider deployment, interpolated onto 50-m depth levels (Fig. 4a ). For comparison with the observations, ξ(x, z, t) is decomposed into ξ A (x, z) and ξ φ (x, z). ξ φ is depth-invariant for mode-1 waves, so can be directly compared with ξ φ .
All four models feature a nonlinear gradient of ξ φ , an effect of the sloping bottom, but the curvature increases as percentage standing wave increases (Fig. 5a ). For the fully standing wave case u-nodes and ξ-nodes exist (where u and ξ, respectively, go to zero); ξ φ is uniform and 180
• out of phase between consecutive ξ-nodes. The magnitude of the along-canyon oscillation of APE increases as percentage standing wave increases (Fig. 5b) . As expected, APE is minimum at the ξ-node for partly standing waves and goes to zero at the same location for the fully standing wave case. Maximum APE is slightly up-canyon of the u-node. The model that best fits the observations of ξ φ and APE is the 25% partly standing internal tide. The values of u 0 , φ 0 and φ 1 are tuned to best fit the observations, but only a 25% partly standing wave features the correct along-canyon gradient of ξ φ (Fig. 5a ). Model APE is also a good fit to the observations at three of the four stations, only at VM5 is APE notably underestimated (Fig. 5b) . In addition, the prescribed velocity amplitudes yield a range of maximum displacement amplitudes (42-69 m) similar to observed (Table 1) . Recalculating observed APE using unmodulated displacement amplitudes (i.e., including the internal spring-neap cycle) results in an along-canyon distribution that cannot be recreated by any of the models (Fig. 5b, empty circles) .
The model underestimation of APE near the head of the main canyon limb is possibly because the internal tide field at VM5 was the least well-resolved. Due to the narrowness of the canyon, only 8 of the 22 dives went deeper than 800 m. Robust M 2 harmonic analyses were only possible down to 820 m, despite the canyon floor being ≈1050 m deep at this location. To account for this difference in the depth of observations, APE was scaled to 1000 m at all stations. This has a negligible effect on the other VMs (where robust harmonic analyses were possible down to at least 965 m), but may under or overestimate APE at VM5 depending on whether near-bottom energy flux was greater or less than the depth average. Another possible explanation of the underestimation of APE near the head of the canyon is that the 1-D model cannot account for the narrowing of the canyon and lateral focusing of internal tide energy.
Canyon energy budget
Assuming a 25% partly standing M 2 mode-1 internal tide propagating up-canyon, we construct a 1-D energy budget for the main canyon limb (Fig. 5c ). Depth-integrated available potential energy is calculated
where · denotes an average over a tidal cycle. Depth-integrated horizontal kinetic energy is calculated
Following Kunze et al. (2002) and Nash et al. (2005) , depth-integrated internal tide energy flux is calculated
where p is pressure perturbation, calculated by integrating the hydrostatic equation from the surface,
Pressure perturbation at the surface due to the internal tide (p surf ) is determined by applying the baroclinicity condition for pressure, As with the flat bottom case shown by Martini et al. (2007) , both APE and HKE oscillate along-canyon 2 at twice the spatial frequency of the component waves, but the oscillations shorten towards the canyon head as k x increases and are superposed on a trend of decreasing total energy density (E = HKE + APE). As expected, local HKE and APE minima are found near the u-nodes and ξ-nodes, respectively. A local HKE maximum is found at −8 km while a APE maximum is found at −24 km. Depth-integrated acrosscanyon energy flux (F y ) also oscillates at twice the spatial frequency of the component waves, zero at the u-and ξ-nodes, positive between −1 km and −22 km, and negative farther up-and down-canyon. Given the approximately south-to-north orientation of the actual canyon, positive (negative) across-canyon energy flux corresponds to westward (eastward). Depth-integrated along-canyon energy flux (F x ) is up-canyon and decreases monotonically from 9.2 kW m −1 at VM2 to 2.0 kW m −1 at VM5, a distance of 28 km. Finally, internal tide dissipation rate can be calculated ε = −∇F x /(ρ 0 H) and increases from 1 × 10 −7 W kg −1 down-canyon of −10 km to 2.5 × 10 −7 W kg −1 up-canyon of −10 km (Fig. 5d ). An alternative estimate of F x at the station locations can be arrived at by first calculating the model HKE/APE ratio (E ratio ) and perceived group speed, c g = F x /E (Alford and Zhao, 2007) , then recalculating F obs x = c g APE(E ratio +1) using observed available potential energy over the depth range of observations and model available potential energy beneath. F obs x only notably deviates from F x at VM5 where it is increased to 3.9 kW m −1 . Using F obs x , the dissipation rate between VM4 and VM5 is decreased to 1.5 × 10 −7 W kg −1 .
Mixing proxies
No direct measurements of turbulent mixing were made during the study, however, enhanced mixing within the eastern limb of Whittard Canyon is inferred from two sources. Firstly, temperature-salinity plots for the four stations along the main canyon limb (VMs 2-5) show a progressive collapse onto a mixing line between Eastern North Atlantic Water of subtropical origin (ENAW ST , S A = 35.8-36.3 g kg −1 , Θ = 12.2-14.8
• C; Pollard et al. 1996) and Northeast Atlantic Deep Water (NEADW, S A = 35.11-35.13 g kg −1 , Θ = 2.6-3.0
• C; van Aken 2000) towards the canyon head (Fig. 6b) . Eastern North Atlantic Water of subpolar origin (ENAW SP , S A = 35.4-35.8 g kg −1 , Θ = 8.5-12.2 • C; Pollard et al. 1996) and Mediterranean Water (MEDW, S A > 35.9 g kg −1 , Θ ≈ 9.5 • C; Harvey 1982), identified by local salinity minima and maxima, respectively, at VMs 2-4 are almost completely absent at VM5.
Secondly, the gradient of dissolved oxygen concentration through the deep oxycline (250-750 m) weakened towards all three canyon heads in the study region (Fig. 6c) . Below the mixed layer and photic zone, d[O 2 ]/dt is small on the timescale of the study, so dissolved oxygen can be considered a conservative tracer. A weak gradient indicates a more homogenised watercolumn, possibly a result of elevated levels of turbulent mixing due to internal tide dissipation. Dissolved oxygen concentrations, measured by the Aanderaa optode on the glider, were calibrated against the dissolved oxygen sensor on the ship's CTD rosette. The gradient between 250 m and 750 m, the depth range of the deep oxycline determined from the ship CTD cast (Fig 6d) , was calculated by linear least squares regression. The timeseries shows a clear semidiurnal signal from vertical displacement of the oxycline by the internal tide (Fig. 6a) , so the gradient was recalculated after first smoothing dissolved oxygen concentration on depth levels using a 25-hour gaussian tapered window running mean (σ = 5 hours). Gradients varied from consistently >0.13 µmol kg (VM3 and VM6) , the gradients were smaller during the second occupation (near spring tide) than the first (near neap tide), suggesting modulation of turbulent mixing by the spring-neap cycle.
Discussion
Observations of vertical isopycnal displacement at four stations along the main eastern limb of Whittard Canyon show a good fit to a 1-D model of a 25% partly standing internal tide, with the major component wave propagating up-canyon. We can use the observation-model derived estimates of along-canyon energy flux (F obs x ) to sketch the propagation of energy through the canyon (Fig. 2c) and further apply the method to VMs 7 and 8 in the adjacent canyon limb. Here too a 25% partly standing internal tide is the best fit to the observations and there is along-canyon energy flux convergence with F obs x decreasing from 11.5 kW m −1 at VM8 to 6.4 kW m −1 at VM7. The internal tide dissipation rate between these two stations is 3.6 × 10 −7 W kg −1 .
Global context
The internal tide energy fluxes estimated here are comparable to those observed in tidally energetic submarine canyons such as Monterey (up to 5 kW m −1 ; Kunze et al., 2002; Zhao et al., 2012; Wain et al., 2013) , Eel (7.6 kW m −1 ; Waterhouse et al., 2017) and Gaoping (14 kW m −1 ; Lee et al., 2009) . Similarly, our inferred dissipation rates are within the range of those measured and modelled in other canyon systems. Gregg et al. (2011) summarised turbulent kinetic energy (TKE) dissipation rates in Monterey and Ascension Canyons from microstructure measurements (1-2 × 10 −7 W kg −1 ) and compared them to dissipation rates from regional tide models (4-8 × 10 −8 W kg −1 ). Using Thorpe scale methods, Waterhouse et al. (2017) estimated the tidally-and depth-averaged TKE dissipation rate in Eel Canyon to be 4.2 × 10 −8 W kg −1 . In the more energetic Goaping Canyon, TKE dissipation rates as high as 4-10 × 10 −6 W kg −1 have been measured using similar methods (Lee et al., 2009) . The latter are an order of magnitude larger than the highest dissipation rates inferred here. Although the observed up-canyon decrease in ENAW SP /MEDW and weakening of the dissolved oxygen concentration gradient are indications of enhanced mixing within the canyon, direct turbulent mixing measurements, using a microstructure profiler or a microstructure sensor equipped glider, will be required to fully validate our results.
Internal spring-neap cycle
The method used here for removing the internal spring-neap cycle relies on the assumption of a local generation site and therefore that the internal spring-neap cycle is phase-locked and proportional to the surface spring-neap cycle. In reality this is unlikely to be strictly true, but the convergence of two independent estimates of APE at VM3 after the correction was applied suggests the phase-lag between the surface and internal spring-neap cycles is small at this location. Future observational campaigns should aim to fully resolve the internal spring-neap cycle, not only so that it can be effectively removed, but because comparison with the surface spring-neap cycle may provide information on distance to the generation site. To resolve the internal spring-neap cycle using a single glider will require it to occupy a station for two weeks or at minimum return to the same station every 3-4 days. Realistically, these types of observations will require multiple gliders. A multiple-month, multiple-glider observational campaign will also allow the evolution of the internal tide field in response to seasonally changing stratification and mesoscale variability to be determined at high resolution, as well as simultaneous comparison of internal tide dynamics within submarine canyons and over adjacent, smooth continental slopes.
Internal tide generation sites
The sources of the two component waves that make up the partly standing internal tide cannot be definitively established using the available glider data. However, numerical modelling studies suggest the primary source of the semidiurnal internal tide in the eastern limb of Whittard Canyon is to the southeast, along the Celtic Sea shelf break. A fine-resolution (115-m) nonhydrostatic model simulation of the internal tide field over the Celtic Sea continental shelf and shelf break (Vlasenko et al., 2014) shows packets of internal solitary waves, superposed on semidiurnal internal tides, radiating from several local generators: the shelf break east of the eastern limb of Whittard Canyon; Petite Sole Canyon; and Brenot Spur. Similarly, a high-resolution (500-m) hydrostatic model simulation of the M 2 internal tide in the wider Whittard Canyon region (Aslam, 2017) suggests that Explorer Canyon, Dangeard Canyon and the flanks of Bernot Spur are the primary generation sites for the internal tide in the eastern limb ( Fig. 7; Appendix A) .
If we assume that the up-canyon, major component wave is generated along the Celtic Sea shelf break or in the lower reaches of the canyon, the down-canyon, minor component wave may either be a reflection of the up-canyon wave or independent internal tide generation near the head of the canyon. The former is likely given the supercritical nature of the steep canyon head bathymetry. Figure 8 shows the distribution of bathymetric slope criticality to the M 2 internal tide,
where x is across-slope distance and N is taken from the ship CTD cast. Supercritical refection occurs where α > 1 and results in up-slope propagating internal tides being reflected back down-slope. The walls of eastern limb are predominantly supercritical with some sections of upper wall (just beneath the canyon rim) as steep as 1 in 2, a factor of 10 steeper than the M 2 internal tide characteristic at that depth. The canyon floor is typically near-critical (α 1) which suggests that given sufficient forcing an internal bore may develop, as observed at VM6b. Despite the evidence for supercritical reflection, independent internal tide generation cannot be ruled out. In the Whittard Canyon system, internal tide generation is spatially heterogeneous, with adjacent areas of positive and negative barotropic-to-baroclinic energy conversion (Fig. 7a) . Spatially integrated over the eastern limb, energy conversion is comparable to energy flux convergence (Aslam, 2017) .
Observational considerations
Whether due to reflection or independent generation, the down-canyon wave has only 6.25% of the total energy density and energy flux of the up-canyon wave; for example the up-and down-canyon energy fluxes at VM5 are 2.12 kW m −1 and −0.13 kW m −1 , respectively. This implies that misinterpreting a 25% partly standing internal tide as a progressive wave with the amplitude of the major component will overestimate energy dissipation and internal tide driven mixing by 6.25%. For a 50% partly standing internal tide the overestimate is 25%. Calculating energy flux using Equ. 8 avoids such misinterpretations as it is independent of the type of wave. However, inferring energy fluxes from displacement only (or velocity only) observations, combined with theoretical estimates of group speed and HKE/APE ratio, must be done with great care. Perceived group speed for standing or partly standing waves is lower than theoretical group speed, c theory g = c n ω 2 − f 2 /ω (Gill, 1982) , for progressive waves (Alford and Zhao, 2007; Martini et al., 2007; Zhao et al., 2012; Hall et al., 2014) . Theoretical HKE/APE ratio, E theory ratio = (ω 2 + f 2 )/(ω 2 − f 2 ) (Gill, 1982) , only applies to progressive waves; observed E ratio is spatially varying for non-progressive cases, with alternating maxima and minima at one-quarter horizontal wavelength intervals (Nash et al., 2004 (Nash et al., , 2006 Martini et al., 2007) . This is particularly a problem for glider studies as ADCPs are not routinely integrated due to their high power consumption. Unless the (partly) standing nature of a wave is identified, energy fluxes are likely to be overestimated if displacement observations are near u-nodes and underestimated if near ξ-nodes.
Biological impacts
The steep walls of Whittard Canyon, sections of which are vertical or overhanging, provide habitats for a diverse variety of benthic fauna, including cold-water corals, Lophelia pertusa and Solenosmilia variabilis, limid bivalves, Acesta excavata, and deep-water oysters, Neopycnodonte zibrowii (Huvenne et al., 2011; Johnson et al., 2013; Robert et al., 2015) . These organisms will be directly exposed to the large-amplitude internal tides observed in the canyon. It has been hypothesised that internal tides impact benthic fauna through elevated near-bottom current velocities leading to particle resuspension (Rice et al., 1990) , horizontal fluxes of organic material (Frederiksen et al., 1992; White and Dorschel, 2010; Mienis et al., 2007) , and the formation of benthic and intermediate nepheloid layers (Mienis et al., 2007; Johnson et al., 2013; Wilson et al., 2015) . Although near-bottom current velocity was not directly measured during the study, the 1-D internal tide model predicts near-bottom horizontal velocities, u(x, −H, t), up to 14 cm s −1 for the 25% partly standing wave case, slightly larger than the progressive wave case. These baroclinic velocities are in addition to barotropic tidal currents that are order 10 cm s −1 in the region, as measured by the glider using a dive-average current method (Eriksen et al., 2001; Frajka-Williams et al., 2011) and M 2 harmonic analysis. Total (barotropic plus baroclinic) tidal current velocity could therefore be up to 20 cm s some areas of the canyon, high enough to cause particle resuspension (Thomsen and Gust, 2000) . Elevated near-bottom current velocities are also expected in areas of near-critical bathymetric slope, such as along the canyon floor (Fig. 8) , due to trapping of baroclinic energy against the boundary.
Analysis of particulate backscatter (b bp ) from the WETLabs sensor on the glider (Appendix B) suggests very high concentrations of suspended particulate matter in the bottom 200 m near the head of the main canyon limb (VM5; Fig. 9a ). This is where internal tide current velocities are expected to be high due to topographic focusing of baroclinic energy and could potentially drive particle resuspension. In addition to high particulate backscatter near the canyon floor, possible intermediate nepheloid layers were identified at VM3b (Fig. 9b) and VM6b (Fig. 9c) at around 550 m and 300 m, respectively. These nepheloid layers were only apparent during the second occupation of the stations (near spring tide) suggesting their formation is tidally controlled. The nepheloid layer at VM3b was observed to be vertically displaced ≈100 m by the semidiurnal internal tide while at VM6b the intensity of both benthic and intermediate nepheloid layers appeared to be modulated by the semidiurnal tide.
The effect of tidal hydrodynamics on benthic fauna is the subject of ongoing research. Focusing on cold-water coral mounds on Rockall Bank, van Haren et al. (2014) and Cyr et al. (2016) observed and modelled topographically-trapped diurnal waves and turbulent mixing over the mounds, while Mohn et al. (2014) correlated intensified near-bottom tidal currents to coral occurrence at these and other mounds in the Northeast Atlantic. Within Whittard Canyon, Robert et al. (2015) used predictive habitat models to link the spatial variation in observed biological characteristics (e.g., megafaunal abundance, species richness, and biodiversity) to bathymetry-derived environmental variables (e.g., depth, slope, and roughness), but suggest that the addition of hydrodynamic variables related to internal tides may reduce the amount of unexplained variation. To this end, we estimate the range of temperatures and dissolved oxygen concentrations that organisms on the canyon walls will experience due to vertical displacement of the deep thermocline (beneath 500 m) and oxycline (250-750 m) by the observed M 2 internal tide. At each station and on each depth level ξ A is compared with the station-mean temperature profile to determine the range of temperatures (∆T ) experienced at that level. This range is projected onto any bathymetry within a defined radius that intersects the depth level and the method repeated for dissolved oxygen concentration. The radius used is λ/20 (where λ is theoretical M 2 mode-1 horizontal wavelength) which results in no overlapping areas of influence. The greatest temperature variability is around VM6 between 800 m and 1000 m, where ∆T can exceed 1
• C (Fig. 10a) , and is associated with vertical velocities up to 1.5 cm s −1 . This is comparable to diurnal and semidiurnal temperature variability observed at cold-water coral mounds on Rockall Bank (Mienis et al., 2007) . The greatest dissolved oxygen concentration variability occurs shallower, along the 600 m isobath, and is 10-12 µmol kg −1 near the canyon heads (Fig. 10b) . Although of limited spatial coverage, these 2-D maps are a way of representing the internal tide field through environmental variables that directly affect benthic fauna. Future observations and integration of numerical model output could allow these maps to be extended over the whole canyon and so be used for future habitat predictions. Complimentary maps of near-bottom current velocity could be derived from ongoing numerical modelling efforts.
Summary
An autonomous ocean glider is used to make the first direct measurements of internal tides within Whittard Canyon. The largest directly observed M 2 isopycnal displacement amplitudes were 80 m, however, after correcting for the spring-neap cycle, amplitudes up to 111 m are estimated. Vertical isopycnal displacement observations at four stations along the main eastern limb fit a 1-D model of a 25% partly standing internal tide -comprised of a major, incident wave propagating up-canyon and a minor wave reflected back downcanyon by steep, supercritical bathymetry near the canyon head (Fig. 11) . The model allows estimation of along-canyon energy flux which decreases from 9.2 to 2.0 kW m −1 over 28 km and yields a dissipation rate of 1-2.5 × 10 −7 W kg −1 . In the absence of direct turbulent mixing measurements, enhanced mixing within the canyon is inferred from collapsed temperature-salinity curves and weakened dissolved oxygen concentration gradients near the canyon heads.
Finally, potential impact of the observed internal tides on benthic fauna is assessed. Order 20 cm s Figure 11: Schematic of a partially standing internal tide in a submarine canyon showing areas near u-nodes and ξ-nodes where HKE/APE ratio (E ratio ) is low and high, respectively, relative to a progressive internal tide. u-nodes and ξ-nodes alternate at one-quarter horizontal wavelength intervals along the canyon. Perceived group velocity (cg) is low relative to a progressive internal tide at all locations. Along-canyon energy flux is in the direction of the major component wave (up-canyon). Across-canyon energy flux direction alternates between the u-nodes and ξ-nodes.
pended particulate matter. The glider observations are also used to estimate a 1 • C temperature range and 12 µmol kg −1 dissolved oxygen concentration range, experienced twice a day by organisms on the canyon walls, due to vertical displacement of the deep thermocline and oxycline. These large fluctuations in environmental conditions have the potential to greatly affect benthic faunal abundance and distribution so it is essential to consider internal tides and other hydrodynamic processes in the planning of habitat mapping surveys and management of marine protected areas.
The model domain extends from 12
• 19.4 W, 46
• 42.3 N to 8 • 30.6 W, 49
• 40.5 N with 500-m horizontal resolution; the bathymetry is derived from the INFOMAR 18 arc-second grid and the General Bathymetric Chart of the Oceans (GEBCO) 2014 30 arc-second grid (http://www.gebco.net). Fifty-one evenly spaced sigma levels are used. Initial conditions are no flow and horizontally uniform stratification; the initial temperature and salinity profiles are taken from a CTD cast at 10
• 11.9 W, 48
• 15.9 N on 12 July 2009. The model is forced at the boundaries with M 2 barotropic velocities. Elevations and normal velocities used to calculate the Flather boundary condition are taken from the TPXO7.2 global solution (Egbert and Erofeeva, 2002) . The simulation is run for 32 tidal cycles (16.56 days) and M 2 harmonic analyses performed over the last 11 cycles. Baroclinic-to-barotropic energy conversion, E conv = p (−H)(−u · ∇H) , where u is depth-averaged velocity (Niwa and Hibiya, 2001) , and depth-integrated internal (baroclinic) tide energy flux (Equ. 8) are calculated from the output of the harmonic analyses. Positive energy conversion indicates internal tide generation. Full details of the model configuration and validation against observational datasets are described in Aslam (2017) .
Appendix B. Calculation of particulate backscatter
Particulate backscatter was calculated from the 700 nm channel of the WETLabs Eco Puck optical sensor (BB2FLVMT) following Green et al. (2014) . The sensor measures the total volume scattering function at a wavelength of 700 nm and a centroid angle of 124
• (β(700 nm, 124 • ); m −1 sr −1 ). The particulate volume scattering function is β p = β − β sw , where β sw is the volume scattering function of pure seawater, dependent on wavelength, scattering angle, temperature and salinity. Following Zhang et al. (2009) , β sw at 700 nm, 124
• , and for the range of temperatures and salinities that occur in Whittard Canyon, is 5 ± 0.07 × 10 −5 m −1 sr −1 so for simplicity we use a constant value of 5 × 10 −5 m −1 sr −1 . Particulate backscatter in m −1 is then calculated b bp (700 nm) = 2πχ p β p (700 nm, 124
• ), where χ p is the conversion factor between the particulate volume scattering function measured at a fixed angle and particulate backscatter. The conversion factor can be assumed to be wavelength invariant in the absence of phytoplankton blooms (Chami et al., 2006) , but is dependent on scattering angle. Following Boss and Pegau (2001) and Chami et al. (2006) we take χ p to be 1.2 for a scattering angle of 124
• . Repeating the method for the 470 nm channel yields qualitatively identical results but an increase in backscatter intensity of ≈ 4 × 10 −4 m −1 .
